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We analyze joint angular distributions of a charmonium decay to the ΞΞ¯ pair using the Ξ →
Λpi → ppi−pi weak decay chain for the cascade and the charge conjugated mode for the anticascade.
The decays allow a direct comparison of the baryon and antibaryon decay properties and a sensitive
test of CP symmetry in the strange baryon sector. We show that all involved decay parameters can
be determined separately in vector and (pseudo)scalar charmonia decays into ΞΞ¯ due to the spin
correlations between the weak decay chains. Contrary to the recently measured e+e− → J/ψ → ΛΛ¯
process, the transverse polarization of the cascade is not needed and has almost no impact on the
uncertainties of the decay parameters.
The ongoing experimental studies of the combined
charge conjugation parity (CP) symmetry violation in
particle decays aim to find effects that are not expected
in the Standard Model (SM), such that new dynamics
is revealed. The existence of CP violation in kaon and
beauty meson decays is well established [1–3]. The first
observation of the CP violation for charm mesons was
reported this year by the LHCb experiment [4] and in
the bottom baryon sector evidence is mounting [5]. All
the observations are consistent with the SM expecta-
tion. However, no signal is detected in decays of baryons
with strange quark(s) (hyperons). Hyperon decays of-
fer promising possibilities for such searches as they are
sensitive to sources of CP violation that neutral kaon
decays are not [6]. A signal of CP violation can be a dif-
ference in decay distributions between the charge conju-
gated decay modes. The main decay modes of the ground
state hyperons are weak transitions into a baryon and a
pseudoscalar meson like Λ → ppi−, branching fraction
B ≈ 64 %, and Ξ− → Λpi−, B ≈ 100 % [7]. They
involve two amplitudes: parity conserving to the rela-
tive p state, and parity violating to the s state. The
angular distribution and the polarization of the daugh-
ter baryon are described by two decay parameters: the
decay asymmetry α = 2Re(s∗p)/(|p|2 + |s|2) and the
relative phase φ = arg(s/p). Here, we denote decay
asymmetries for Λ → ppi− and Ξ− → Λpi− as αΛ and
αΞ, respectively. In the CP symmetry conserving limit
the parameters α and φ for the charge conjugated de-
cay mode have the same absolute values but opposite
signs e.g. αΛ = −αΛ¯. The best limit for CP violation
in the strange baryon sector was obtained by comparing
the Ξ− and Ξ¯+ decay chains of unpolarized Ξ baryons
at the HyperCP (E871) experiment [8] by determining
the asymmetry AΞΛ = (αΛαΞ − αΛ¯αΞ¯)/(αΛαΞ + αΛ¯αΞ¯).
The result, AΞΛ = (0.0± 5.1± 4.7)× 10−4, is consistent
with the SM predictions: |AΞΛ| ≤ 5×10−5 [9]. However,
a preliminary HyperCP result presented at the BEACH
2008 Conference suggests a large value of the asymmetry
AΞΛ = (−6.0± 2.1± 2.0)× 10−4 [10].
With a well-defined initial state charmonium decay
into a strange baryon-antibaryon pair offers an ideal sys-
tem to test fundamental symmetries. Vector charmonia
J/ψ and ψ′ can be directly produced in an electron-
positron collider with large yields and have relatively
large branching fractions into a hyperon-antihyperon
pair, see Table I. With the world’s largest sample of 1010
J/ψ collected at BESIII [11, 15] detailed studies of the
hyperon-antihyperon systems are possible. The potential
impact of such measurements was shown in the recent
analysis using a data set of 4.2×105 e+e− → J/ψ → ΛΛ¯
events reconstructed via Λ→ ppi− + c.c. decay chain and
has lead e.g. to the major revision of the αΛ value [16].
The determination of the asymmetry parameters was
possible only due to the transverse polarization and the
spin correlations of the Λ and Λ¯. In the analysis the com-
plete multi-dimensional information of the final state par-
ticles was used in an unbinned maximum log likelihood fit
to the fully differential angular expressions from Ref. [17].
The method allows for a direct comparison of the decay
parameters of the charge conjugate decay modes and a
test of the CP symmetry.
In Ref. [18] we have extended the formalism to describe
processes which include decay chains of multi-strange hy-
perons like the e+e− → ΞΞ¯ reaction with the Ξ → Λpi,
Λ → ppi− + c.c. decay sequences. The expressions are
much more complicated than the single step weak decays
in e+e− → ΛΛ¯. In this Letter we use the joint distri-
butions for e+e− → ΞΞ¯ to show that the role of the
transverse polarization is fully replaced by the diagonal
spin correlations between the cascades. All decay param-
eters can be determined simultaneously and the statisti-
cal uncertainties are nearly independent on the size of the
transverse polarization in the production process. In par-
ticular we find that the uncertainty for the αΛ asymmetry
is more than two times better than in e+e− → J/ψ → ΛΛ¯
process for the same number of reconstructed events. A
corresponding analysis of a single Ξ(Ξ¯) baryon decay
chain would require a known, non-zero initial polariza-
tion. We estimate uncertainties of the various possible
CP odd asymmetries which can be extracted from the ex-
clusive analysis. We show that the same information can
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2Decay mode B(units 10−4) Angular distribution Detection No. events
parameter αψ efficiency expected at BESIII
J/ψ → ΛΛ¯ 19.43± 0.03± 0.33 0.469± 0.026 40% 3200× 103
ψ(2S)→ ΛΛ¯ 3.97± 0.02± 0.12 0.824± 0.074 40% 650× 103
J/ψ → Ξ0Ξ¯0 11.65± 0.04 0.66± 0.03 14% 670× 103
ψ(2S)→ Ξ0Ξ¯0 2.73± 0.03 0.65± 0.09 14% 160× 103
J/ψ → Ξ−Ξ¯+ 10.40± 0.06 0.58± 0.04 19% 810× 103
ψ(2S)→ Ξ−Ξ¯+ 2.78± 0.05 0.91± 0.13 19% 210× 103
TABLE I. Branching fractions for some J/ψ, ψ′ → BB¯ decays and the estimated sizes of the data samples from the full data set
of 1010 J/ψ and 3.2×109 ψ′ in the BESIII proposal [11]. The approximate detection efficiencies for the final states reconstructed
using Λ→ ppi− and Ξ→ Λpi decay modes are based on the published BESIII analyses using partial data sets [12–14].
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FIG. 1. (color online) Orientation of the axes in baryon B
and antibaryon B¯ helicity frames.
be extracted from an exclusive analysis of the cascade-
anticascade decay of a (pseudo)scalar charmonium. Our
result provides an important input to the plans for two
Super Tau Charm Factories (STCF) in Novosibirsk (Rus-
sia) [19] and in Hefei (China) [20] promising data samples
of more than 1012 J/ψ events, where such asymmetries
can be measured with the precision close to the SM pre-
dictions.
We first summarize the formalism describing the joint
angular distributions and present a method using prop-
erties of the exact likelihood function to analyze the mul-
tidimensional distributions and correlations between the
decay parameters.
In general, a quantum state of a baryon-antibaryon
pair BB¯ (with spin one-half) can be represented by the
following spin density matrix:
3∑
µ,ν=0
Cµν σ
B
µ ⊗ σB¯ν , (1)
where a set of four Pauli matrices σBµ (σ
B¯
ν ) in the rest
frame of a baryon B(B¯) is used and Cµν is 4 × 4 real
matrix representing polarizations and spin correlations
for the baryons.
Consider the e+e− → BB¯ reaction represented in
Fig. 1, where the electron and positron beams are un-
polarized. The spin matrices σBµ and σ
B¯
ν are given in the
helicity frames of the baryon B and antibaryon B¯, respec-
tively. The axes of the coordinate systems are denoted
xˆ1, yˆ1, zˆ1 and xˆ2, yˆ2, zˆ2. The baryons and antibaryon
can have aligned or opposite helicities. Due to the parity
conservation only two transitions are independent and
the Cµν matrix can be parameterized by: αψ – baryon
angular distribution parameter, −1 ≤ αψ ≤ 1, and ∆Φ –
relative phase between the two transitions. The elements
of the Cµν matrix are functions of the scattering angle θ
of the B baryon [18]: 1+αψ cos
2θ 0 βψsin2θ 0
0 sin2θ 0 γψ sin2θ
−βψ sin2θ 0 αψ sin2θ 0
0 −γψ sin2θ 0 −αψ−cos2θ
 , (2)
where βψ and γψ (real parameters) are defined as: γψ +
iβψ =
1
2
√
1− α2ψ exp(i∆Φ). The polarization vector of
B(B¯) can have only yˆ1(yˆ2) component and the value
is βψ sin2θ/(1 + αψ cos
2θ) i.e. the polarization is zero
if βψ = 0. In the limit of large c.m. energies αψ = 1
implying βψ = γψ = 0 [21] and diagonal Cµν . For the
BB¯ decay of a (pseudo)scalar charmonium (like ηc or χc0)
the initial state is spin singlet and the spin orientations of
the baryon and antibaryon are opposite. Therefore Cµν
is diag(1,−1, 1, 1), where the signs are stipulated by the
relative orientation of the axes of the B and B¯ helicity
frames shown in Fig. 1. The direction of the zˆ axis is
arbitrary.
In a weak hadronic decay D of a spin one-half baryon
to a spin one-half baryon and a pseudoscalar meson:
BA → BB + P , the initial and final states can be rep-
resented by linear combinations of the Pauli density ma-
trices σBAµ and σ
BB
ν , defined in the helicity frame of BA
and BB , respectively. It is enough to know how each
base spin matrix transforms under a decay process. One
can therefore represent the weak decay by a decay matrix
aDµµ′ which transforms the base matrices [18]:
σBAµ →
3∑
µ′=0
aDµµ′σ
BB
µ′ . (3)
The decay matrix depends on two decay parameters:
−1 ≤ αD ≤ 1 and −pi ≤ φD < pi according to the Par-
3αD φD
Λ→ ppi− 0.750± 0.010 −
Ξ− → Λpi− −0.392± 0.008 −0.037± 0.014
Ξ0 → Λpi0 −0.347± 0.010 0.37 ± 0.21
TABLE II. Decay parameters of Λ and Ξ used in this analysis.
They are from the 2019 update of PDG [7] which includes the
new αΛ value from BESIII [16]. For the charge conjugation
decay modes αD = −αD¯ and φD = −φD¯.
ticle Data Group (PDG) convention [7]. Often, two re-
lated decay parameters βD and γD are used, where βD =√
1− α2D sinφD and γD =
√
1− α2D cosφD. The ele-
ments of the 4× 4 decay matrix aDµν ≡ aµν(θ, ϕ;αD, φD)
depend on the kinematic variables θ and ϕ, the spheri-
cal coordinates of the BB momentum in the BA helicity
frame, and on the decay parameters αD and φD. The
explicit form of the aDµν is given in Ref. [18], where a
two angle helicity rotation matrix convention is used. If
the polarization of the baryon BB is not measured the
decay is described by the aDµ0 elements of the decay ma-
trix and only the αD parameter is involved. This is nor-
mally the case for Λ→ ppi− since the proton polarization
determination would require a dedicated detection sys-
tem. A complete joint angular distribution of a hyperon-
antihyperon pair production process including the weak
decay chains is obtained by the application of Eq. (1),
the decay matrices transformations Eq.(3) and by taking
trace of the final proton-antiproton density matrix.
For the process e+e− → ΛΛ¯ with Λ→ ppi− + c.c. the
joint angular distribution is [18]:
WΛΛ¯(ξ;ω) =
3∑
µ,ν=0
Cµνa
Λ
µ0a
Λ¯
ν0, (4)
where the production reaction is described
by the corresponding Cµν(θ;αψ,∆Φ) matrix,
aΛµ0 ≡ aµ0(θp, ϕp;αΛ) and aΛ¯ν0 ≡ aν0(θp¯, ϕp¯;αΛ¯)
The vector ξ ≡ (θ, θp, ϕp, θp¯, ϕp¯) represents a complete
set of the kinematic variables describing a single event
configuration in the five dimensional phase space. There
are four parameters to describe the angular distribution
ω ≡ (αψ,∆Φ, αΛ, αΛ¯).
For the e+e− → Ξ−Ξ¯+ reaction (the formalism for
Ξ0Ξ¯0 is the same) with the Ξ− → Λpi−, Λ→ ppi− + c.c.
decay sequences the joint angular distribution is [18]:
WΞΞ¯(ξ,ω) =
3∑
µ,ν=0
Cµν
3∑
µ′,ν′=0
aΞµµ′a
Ξ¯
νν′a
Λ
µ′0a
Λ¯
ν′0 , (5)
where aµµ′(θΛ, ϕΛ;αΞ, φΞ), a
Ξ¯
νν′ ≡ aνν′(θΛ¯, ϕΛ¯;αΞ¯, φΞ¯).
For Ξ(Ξ¯) all elements of the decay matrix are used
and dependence on the φΞ(φΞ¯) should be included.
The joint angular distribution Eq. (5) is a function of
nine helicity angles: ξ ≡ (θ, θΛ, ϕΛ, θΛ¯, ϕΛ¯, θp, ϕp, θp¯, ϕp¯)
and depends on eight global parameters: ω ≡
(αψ,∆Φ, αΞ, φΞ, αΞ¯, φΞ¯, αΛ, αΛ¯). Since all decays of the
sequences are two body with constant c.m. momenta
the kinematic weight of states in phase space expressed
by the sets of helicity angles ξ is given by the isotropic
distributions.
The angular distributions (4) and (5) can be rewritten
as:
m∑
k=1
gk(ω) · hk(ξ), (6)
where the functions gk and hk depend only on ω and ξ,
respectively. The angular distribution in Eq. (5) requires
m = 72 unique functions gk(ω) of the global parameters,
while Eq. (4) only m = 7. For ∆Φ = 0 the number of
such terms reduces to m = 56 and m = 5, respectively.
The asymptotic case αψ = 1 and the (pseudo)scalar char-
monium decay still require 20 terms for ΞΞ¯ while only 2
terms for the ΛΛ¯ final state. This suggests the struc-
ture of the ΞΞ¯ pair joint decay products distribution is
rich enough to determine all involved decay parameters
separately. For example, in all cases the six pair-wise
products of the αΞ, αΛ, αΞ¯ and αΛ¯ are present.
Before introducing a rigorous method to analyze the
exclusive joint angular distributions we make a comment
on the inclusive measurement. If in e+e− → Ξ−Ξ¯+ only
Ξ− decay products are measured the corresponding an-
gular distribution is obtained by integrating WΞΞ¯ over
the ϕp¯, ϕΛ¯, cos θp¯ and cos θΛ¯ variables. The integral is
16pi2(C00T0 + C20T2) where T0 and T2 are:
T0 = 1 + αΞαΛ cos θΛ ,
T2 = sinϕΞ sin θΞ(αΞ + αΛ cos θΛ)
+αΛ sin θΛ [sinϕΞ cos θΞ(γΞ cosϕΛ − βΞ sinϕΛ)
+ cosϕΞ(βΞ cosϕΛ + γΞ sinϕΛ)] .
(7)
If βψ = 0 (no polarization) only T0 contributes imply-
ing αΞ and αΛ cannot be determined separately as the
distribution is given by the product αΞαΛ.
In general the importance of the individual parameters
ωk in the joint angular distributions Eqs. (4) and (5) and
their correlations are best studied using properties of the
corresponding likelihood function. In the ideal case when
the response function is diagonal the likelihood function
can be written as:
L(ω) =
N∏
i=1
P(ξi,ω) ≡
N∏
i=1
W(ξi,ω)∫ W(ξ,ω)dξ , (8)
where N is the number of events in the final selection
and ξi is the full set of kinematic variables describing
i-th event. The asymptotic expression of the inverse co-
variance matrix element between parameters ωk and ωl
from the vector parameter ω is given by [7]:
V −1kl = E
(
− ∂
2 lnL
∂ωk∂ωl
)
, (9)
4where E(h) denotes the expectation value of a random
variable h(ξ). Eq. (9) can be reduced to:
V −1kl = N
∫
1
P
∂P
∂ωk
∂P
∂ωl
dξ. (10)
The above integral involves inverse of the angular distri-
bution W and has to be evaluated numerically. We use
the weighted Monte Carlo method to calculate the inte-
grals. The calculated values are then used to construct
the matrix, which is inverted to get the covariances for
the parameters. If two or more parameters are fully cor-
related and their values cannot be determined separately
the matrix is singular. We report the resulting uncertain-
ties multiplied by
√
N , and call such quantity sensitivity.
We start by verifying the method using the e+e− →
J/ψ → ΛΛ¯ reaction. Here all parameters, including the
phase ∆Φ = 0.740±0.010±0.008, are known [16] and we
can cross check our estimates of the uncertainties shown
in the first row of Table. III. To compare with the BE-
SIII statistical uncertainties (in parentheses) we set N to
0.42 × 106: σ(αΛ) = 0.010(0.010), σ(αψ) = 0.005(0.006)
and σ(∆Φ) = 0.012(0.010). The agreement is satisfac-
tory since no efficiency variation is included in our cal-
culations. In particular, the Λ emission angle is limited
to the range | cos θ| < 0.85 in BESIII. Our correlation
coefficient between αΛ and αΛ¯ is 0.87 to be compared to
0.82 from the BESIII fit.
To study the angular distribution for the e+e− →
Ξ−Ξ¯+ reaction we fix the decay parameters of the Λ and
Ξ− to the central values listed in Table II. For the produc-
tion process the main unknown parameter is the phase
∆Φ and therefore we use the extreme cases: ∆Φ = 0
and pi/2. In Table III we report the sensitivities in the
J/ψ → Ξ−Ξ¯+ decay. Correlations between parameters
are given in Table IV. The results practically do not
change between the two ∆Φ cases. The results for other
decays: ψ′ → Ξ−Ξ¯+ and J/ψ, ψ′ → Ξ0Ξ¯0 are similar. In
the table the results for the e+e− → Ξ−Ξ¯+ asymptotic
case with αψ = 1 and for a scalar charmonium decay
to ΞΞ¯ are also shown. We conclude that contrary to
e+e− → ΛΛ¯ the polarization in the production process
plays practically no role. We find that the weak decay
phases φΞ and φΞ¯ are not correlated with each other and
with any other parameter. Also, the use of parameter
input values for Ξ− or Ξ0 from Table II have only minor
effect on the sensitivities.
For e+e− → J/ψ → Ξ−Ξ¯+ we also consider single
tag measurement and determine correlation coefficient
ρ(αΞ, αΛ) between αΞ and αΛ. It is equal to one for
∆Φ = 0 and the dependence on ∆Φ is well represented
by the relation ρ(αΞ, αΛ) = (1 − p) cos(∆Φ) + p, where
p ≈ 0.91. Sensitivity for the product αΞαΛ is 1.7, nearly
independent on the ∆Φ value. The best sensitivity for
φΞ, with ∆Φ = pi/2 is 12.4 i.e. at least two times worse
than in the exclusive measurement, while for ∆Φ < 0.2
the sensitivity for φΞ can be approximately described by
12.5 cot(∆Φ).
An exclusive experiment allows to determine both the
average values and differences of the decay parameters
for the charge conjugated modes, which e.g. for the φD
parameter are defined as:
〈φD〉 ≡ φD − φD¯
2
and ∆φD ≡ φD + φD¯
2
. (11)
The CP asymmetry AD is defined as:
AD ≡ αD + αD¯
αD − αD¯
(12)
and BD as:
BD ≡ βD + βD¯
βD − βD¯
≈ −〈αD〉∆αD
1− 〈αD〉2
+
∆φD
tan 〈φD〉 , (13)
where the approximate form includes only linear terms
in ∆αD and ∆φD. Since the phase 〈φΞ〉 is small, the
last term in Eq. (13) dominates and BΞ ≈ ∆φΞ/ 〈φΞ〉.
The sensitivities for the AΞ, AΛ, AΞΛ and BΞ asym-
metries are given in Table III. The sensitivity for AΛ
is 2.5 times better in J/ψ → Ξ−Ξ¯+ than in J/ψ → ΛΛ¯.
The statistical uncertainty for the AΞΛ asymmetry from
the dedicated HyperCP experiment could be surpassed
at STCF in a run at the J/ψ c.m. energy with more
than 1012 events. The SM predictions for the AΞ and
AΛ asymmetries are −3 × 10−5 ≤ AΛ ≤ 4 × 10−5 and
−2× 10−5 ≤ AΞ ≤ 1× 10−5 [9].
A prerequisite for a complementary CP test using BΞ
asymmetry, advocated in Ref. [6] as the most sensitive
probe, is 〈φΞ〉 6= 0. Assuming 〈φΞ〉 = 0.037, accord-
ing to the Table II value for Ξ−, the five sigma signif-
icance requires 3.1 × 105 exclusive Ξ−Ξ¯+ events. To
reach the statistical uncertainty of 0.011, as in the Hy-
perCP experiment [22] requires 1.4 × 105 J/ψ → Ξ−Ξ¯+
events, while the single cascade HyperCP result is based
on 114 × 106 events. The present PDG precision of φΞ0
can be achieved with just 3× 102 Ξ0Ξ¯0 events. The SM
estimate for BΞ is 8.4 × 10−4, an order of magnitude
larger compared to the A asymmetries [6, 23], while the
sensitivities for BΞ in Table III are 20− 30 times worse.
However, it should be stressed that the SM predictions
for all asymmetries need to be updated in view of the
recent and forthcoming BESIII results on hyperon decay
parameters. Our analysis shows that a wide range of CP
precision tests can be conducted in a single measurement.
Thus, the spin entangled cascade-anticascade system is a
promising probe for testing fundamental symmetries in
the strange baryon sector.
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5αΞ αΛ φΞ αψ ∆Φ 〈αΞ〉 AΞ 〈αΛ〉 AΛ 〈αΞαΛ〉 AΞΛ 〈φΞ〉 BΞ
J/ψ → ΛΛ¯ − 6.8 − 3.4 7.5 − − 1.8 8.8 − − − −
J/ψ → Ξ−Ξ¯+ (∆Φ = 0) 2.0 3.1 5.8 3.5 6.0 1.4 3.7 1.7 3.5 0.78 4.0 4.1 110
J/ψ → Ξ−Ξ¯+ (∆Φ = pi/2) 1.9 2.8 5.4 3.0 13 1.4 3.5 1.6 3.1 0.76 3.9 3.8 100
J/ψ → Ξ0Ξ¯0 (∆Φ = pi/2) 2.0 3.0 5.2 2.9 15 1.4 4.0 1.5 3.4 0.77 4.4 3.7 10
e+e− → Ξ−Ξ¯+ (αψ = 1) 1.9 2.7 5.0 − − 1.3 3.4 1.4 3.1 0.76 4.0 3.5 96
ηc, χc0 → Ξ−Ξ¯+ 1.6 2.2 3.7 − − 1.1 2.9 1.0 2.6 0.72 3.9 2.6 71
TABLE III. Sensitivities (standard errors multiplied by
√
N) for the extracted parameters. Errors for the parameters of the
charge conjugated decay modes are the same. The input values of the parameters are from Tables I and II.
αΞ αΞ¯ αΛ αΛ¯ αψ
αΞ 1 0.03 0.37 0.11 −0.03
αΞ¯ 0.01 1 0.11 0.37 0.03
αΛ 0.31 0.07 1 0.43 −0.12
αΛ¯ 0.07 0.31 0.39 1 0.12
αψ −0.04 0.04 1
TABLE IV. Correlation matrix for the parameters in the
e+e− → J/ψ → Ξ+Ξ¯− process. ∆Φ = 0 case (above the
diagonal) and ∆Φ = pi/2 case (below the diagonal). Only
correlation coefficients with the absolute value greater than
0.01 are shown.
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